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Biochemistry
Role of a carboxyl-terminal helix in the assembly, interchain
interactions, and stability of aspartate transcarbamoylase
(truncated polypeptide chains/site-directed mutaenesis/differentiad scanning calimetry)
CYNTHIA B. PETERSON AND H. K. SCHACHMAN*
Department of Molecular and Cell Biology and Virus Laboratory, Wendell M. Stanley Hall, University of California, Berkeley, Berkeley, CA 94720
Contributed by H. K. Schachman, October 1, 1990
ABSTRACT The six individual catalytic polypeptide chains
within the two catalytic trimers of Eschernchia cofi aspartate
transcarbamoylase (ATCase; EC 2.1.3.2) are folded into two
discrete structural doains interconnected in part by helix 12,
which comprs residues 285-305 and is located near the
carboxyl terminns of the chain. The essential role of this helix in
flding of the chains and their assembly into ATCase was
demonstrated by introducing a stop codon at the position
corresponding to amino acid 284, 291, or 299. Cells containing
these mutations are pyrimidine auxotrophs lacking ATCase-like
protein in cell extracts. In contrast, stable active enzyme is
formed from chains truncated at position 306 or 307, showing
that all 310 amino acids are not required for assembly. Replace-
ments of Gln-288, Asn-291, Arg-296, and Ala-298 were intro-
duced to assess the effect ofalterations within helix 12 on protein
stability. Stability of the trimers was measured both by differ-
ential scning microcalorimetry and by the rate of exchange of
chains at 4CC when mutant trimers were incubated with suc-
cinylated wild-type trimers. Melting temperatures ofthe mutant
timers spanned a range of more than 20TC, with a few higher
and others lower than that of wild-type trimers. Large changes
in interchain interaction energies were observed for the trimers,
but there was no direct correlation between the ease of disso-
ciation ofthe trimers and their thermal stability. Calrimetry on
the mutant holoenzymes revealed alterations in the interactions
between trimers and regulatory subunits within the intact
enzymes. The striking changes in stability of both trimers and
holoenzymes demonstrated that effects of relativey lo d
amino acid replacements in helix 12 are manifested by indirect
global alterations propagated throughout the structure.
Research on aspartate transcarbamoylase (ATCase; aspar-
tate carbamoyltransferase, carbamoyl-phosphate:L-aspar-
tate carbamoyltransferase, EC 2.1.3.2) from Escherichia coli
has focused primarily on allosteric regulation of enzyme
activity which results from global conformational changes
promoted by various metabolites (1-11). In contrast, much
less attention has been directed toward the assembly and
stability of the enzyme. Now that mutant forms of ATCase
containing amino acid substitutions in diverse regions of the
molecule can be constructed readily, it is possible to evaluate
the contribution of discrete structural elements to the in vivo
assembly of the enzyme and its stability. This paper deals
with the role of a single a-helix, the longest secondary
structural element in the protein, which serves to link the two
globular domains within each catalytic chain (c chain) of
ATCase. The significance of the helix, which is located close
to the carboxyl terminus of the c chain, was assessed by
constructing various deletion mutations to produce truncated
polypeptide chains. In addition, site-directed mutagenesis
was used to introduce amino acid substitutions at well-
defined locations within the helix. As shown here, dramatic
effects on the in vivo assembly of the enzyme, its thermal
stability, and the strength of interchain interactions in the
protein are caused by mutations restricted to this single
structural unit.
ATCase is a dodecamer (Mr = 3.1 x 10) comprising six c
chains and six regulatory chains (r chains) organized as two
C trimers and three R dimers. The numerous and extensive
interactions among the 12 chains are responsible for the
striking stability of the holoenzyme as demonstrated by the
lack of exchange of subunits when intact ATCase is incu-
bated with free C orR subunits (12, 13). This unusual stability
is attributable to the multiple interactions among the c chains
in the C trimers and the r chains in the R dimers as well as the
c-r interactions and the C-C interactions between subunits
(7, 8, 14). Coupled with this array of interactions are those
between structural domains within the c and r chains them-
selves (7, 14).
Despite this complexity of structure and interactions, we
have sought to assess the contributions of an a-helical region
(helix 12) near the carboxyl terminus of the c chain to the
folding and stability of the individual c chains as well as to the
interchain interactions responsible for assembly of the holo-
enzyme. Are stable holoenzyme or C trimers formed if
segments ofthe carboxyl-terminal region are deleted? How is
the stability of the C trimer or the holoenzyme affected by
specific replacements of residues within the helix? Are sub-
stitutions of residues within the helix manifested in only
localized changes or in more global effects? These questions
were addressed by in vivo studies along with differential
scanning microcalorimetry experiments and determinations




An a-carbon trace ofthe structure (14) ofa c chain in ATCase
is shown in Fig. 1. The chain folds into a clearly recognizable
amino-terminal domain containing residues 1-134 and a car-
boxyl-terminal domain containing residues 149-284. These
domains are linked by helix 5, composed ofresidues 135-149,
and the longer helix 12 (highlighted in Fig. 1), composed of
residues 285-305. The carboxyl terminus is located only five
residues beyond the end of helix 12. Based on spatial con-
siderations, the amino-terminal domain can be construed as
composed ofamino acid residues which are noncontiguous in
Abbreviations: ATCase, aspartate transcarbamoylase; C trimer,
catalytic trimer; R dimer, regulatory dimer; c chain, catalytic poly-
peptide chain; r chain, regulatory polypeptide chain. Amino acids are
abbreviated in the standard one-letter code. Mutants involving amino
acid substitutions in the catalytic chain are denoted by the wild-type
residue and numbered position within the sequence, followed by the
amino acid substitution. Thus the mutant with glutamate substituted
for glutamine at position 288 is referred to as Q288E.
*To whom reprint requests should be addressed.
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FIG. 1. Three-dimensional structure of the c chain of ATCase: A
view of the a-carbon backbone trace of one c chain of ATCase,
showing its organization into two globular domains. Helix 12 is
highlighted as the stippled "ribbon" structure. This chain tracing was
generated on an Evans and Sutherland system, using x-ray crystal-
lographic coordinates from the Brookhaven Protein Data Bank,
based on the structure of Honzatko et al. (14).
sequence-i.e., the amino-terminal 140 residues plus resi-
dues at the carboxyl-terminal region that include a portion of
helix 12.
The first evidence (15) of the importance of an intact c
chain for in vivo assembly of ATCase was obtained from the
characterization of an auxotrophic mutant, pyrB730. Nucle-
otide sequence determination (16) indicated that the mutant
resulted from a stop codon at a position corresponding to
Trp-284 (W284), the residue immediately preceding helix 12.
Extracts from cells harboring this mutation exhibited no
detectable ATCase, and truncated c chains were not ob-
served in the crude extracts of these cells (15). Additional
evidence indicating the importance ofhelix 12 is derived from
the sequence homology of this region of the polypeptide
chain of E. coli ATCase with that of five other species. As
seen in Fig. 2, 11 of the 21 amino acids in helix 12 of E. coli
ATCase are strictly conserved in at least three of the other
species.
Based on the assumption that highly conserved residues
play important structural roles, amino acid changes were
made by site-directed mutagenesis at four positions in the
helix: Q288, N291, R296, and A298. Two replacements of
A298 were available from previous random mutagenesis
studies. In one, pyrB745, glycine replaced A298 (Y. R. Yang
and H.K.S., unpublished results), and in the other, the pyrE
** * ** * **** *
E. coliATCase (285)YFQQAGNG I FAR Q ALLALV L N(305)
B. subtilis ATCase I F KQMKNG V F I RMAV I Q C A L Q
S. cerevisiae ATCase YFRQM KY G L F VRMALLAMVMG
D. discoideunATCase YFRQM ENG L Y VRM S LLA LV PG
D. melanogaster ATCase YFRQAEYGMYI RMALLAMVVG
Hamster CAD YFRQAENGMYI RMALLATVLG
FIG. 2. Sequence homology within helix 12. Amino acid se-
quences are given using the one-letter code for ATCase from E. coli
(16), Bacillus subtilis (17), Saccharomyces cerevisiae (18), Dictyo-
stelium discoideum (19), and Drosophila melanogaster (20) and for
the ATCase portion of the trifunctional enzyme carbamoyl phos-
phate synthetase/ATCase/dihydroorotase from hamster (21). High-
lighted in bold are residues that are common to four of the six
sequences. Asterisks indicate residues which are strictly conserved
in ATCase from at least three species in addition to E. coli. Sequence
alignment for this comparison was according to Nagy et al. (18).
gene product from E. coli strain YA289 (22), glutamate was
substituted at position 298. The protein with the E298 re-
placement could not be characterized because the substitu-
tion is so destabilizing that the strain harboring this mutation
is a pyrimidine auxotroph, and no ATCase could be detected
in extracts of the cells. In general, all of the site-directed
replacements were designed so that newly inserted amino
acids were favorable in terms of their propensity for helix
formation (23). The exception was one resulting from random
mutagenesis in which alanine, a strong helix former, is
replaced at position 298 by glycine, which tends to rupture
helices.
In addition to these specific amino acid substitutions within
helix 12, stop codons were introduced at various positions to
determine whether the entire helix was necessary and
whether residues beyond the end of the helix were required
for assembly of ATCase in vivo.
EXPERIMENTAL
Amino acid replacements within helix 12 were accomplished
by oligonucleotide-directed mutagenesis as previously de-
scribed (11), using mutagenic primers (18- to 22-mers) syn-
thesized on an Applied Biosystems 380B synthesizer. Mu-
tants were identified by nucleotide sequence determination
(24). Wild-type and mutant forms of ATCase were overpro-
duced in E. coli strain EK1104 grown on minimal medium
with the supplementations suggested by Nowlan and
Kantrowitz (25). Holoenzymes were purified from the cell
extract by using the procedures described by Wall et al. (26)
with slight modifications. Following treatment of the holoen-
zymes with mercurial reagents to dissociate the holoenzymes
into C and R subunits (27), free C subunits were isolated by
ion-exchange chromatography. For two of the mutants,
Q288E and A298V, p-hydroxymercuribenzoate (4) was the
mercurial reagent used in the C subunit preparation because
unusually low yields were obtained with neohydrin.
Wild-type C trimers were succinylated essentially as de-
scribed by Yang and Schachman (28), by mixing protein with
succinic anhydride at a ratio of 2.8 molecules of anhydride
per lysine residue. Interchain hybrids were formed by incu-
bating succinylated trimers with nonsuccinylated wild-type
or mutant trimers in 50 mM Tris HCl buffer, pH 7.0, at 40C.
Incubation mixtures were analyzed under nondenaturing
conditions by electrophoresis (29) using 7.5% polyacrylamide
gels. Succinylated, native, and hybrid trimers could also be
detected by using cellulose acetate strip electrophoresis (30).
Electrophoresis under denaturing conditions using sodium
dodecyl sulfate was performed in 20o polyacrylamide gels
(31), and proteins were transferred to nitrocellulose for
immunoblotting using polyclonal anti-ATCase antibodies
(the kind gift of Fred Karush, University of Pennsylvania).
Differential scanning microcalorimetry was performed by
using a Microcal MC-2 instrument interfaced with an
IBM-XT computer for data collection and analysis. The
instrument was operated at a scan rate of 53°C per hr in the
temperature range 30-90°C. A 40 mM potassium borate
buffer, pH 9.0, containing 5 mM 2-mercaptoethanol and 0.2
mM EDTA, was used for calorimetry because much less
aggregation of the protein was observed at pH 9.0 than in
comparable experiments at pH 7.0 (R. E. Silversmith and
H.K.S., unpublished results). Also, a borate buffer was used
instead of phosphate as in previous studies on ATCase (32,
33) to avoid effects on thermal stability of phosphate ions,
which are known to bind at the active sites. It should be
noted, nonetheless, that the thermal denaturation at pH 9.0
is operationally irreversible. Sample concentration was 1.5-3
mg/ml for C subunit and 2-4 mg/ml for holoenzyme. As has
been observed previously, the calorimetric scans ofATCase
and its subunits did not give consistent baseline heat capac-
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ities before and after the endotherm, frustrating any attempt
to determine the heat capacity difference, ACp, between
native and denatured forms of the protein. The normalization
of the curves to baseline levels was therefore implemented
empirically, by selecting the beginning and end of the en-
dotherm as the points at which the instrument response
deviated from the linear. The total calorimetric enthalpy,
AHlca1, was calculated as the integrated area of the endotherm
in the ACp vs. temperature plot (see Fig. 4). For holoenzyme
scans with discrete, albeit overlapping, peaks representing
the R and C transitions, enthalpies for the individual peaks
were estimated by curve fitting using the DA-2 software
package provided by Microcal.
RESULTS
Part, if Not All, of Helix 12 Is Essential for the in Vivo
Assembly of ATCase. Strains containing mutations with stop
codons introduced at positions corresponding to amino acids
291 or 299 in the c chains were auxotrophs requiring pyrim-
idines for growth. No ATCase-like product could be detected
by Coomassie blue staining of nondenaturing polyacrylamide
gels, nor could polypeptide fragments analogous to c chains
be detected in significant amounts by Western blotting of
SDS gels using a polyclonal anti-ATCase antibody. These
observations, along with the earlier result (15, 16) that
termination of the polypeptide chain at W284 leads to aux-
otrophy, indicate that much of helix 12 is needed for the
proper folding of the c chains and their assembly into stable,
active enzyme. In striking contrast, when stop codons were
introduced beyond helix 12 at the position corresponding to
residues 306 or 307 in the polypeptide chain, readily detect-
able, active enzyme was observed in the cell extracts.
Amino Acid Substitutions Within Helix 12 Affect Interchain
Interactions Within C Trimers. The kinetics of hybrid forma-
tion upon incubation of succinylated wild-type C trimers with
unmodified wild-type or mutant C trimers provide a measure
of the strength of the interactions at the interface between c
chains in the trimers (28). For mutant trimers whose weak
interactions among chains lead to a pronounced tendency to
dissociate into single c chains, rapid formation of hybrid
species can be readily detected by gel electrophoresis be-
cause of the increased negative charge resulting from the
presence of either one or two succinylated chains in the
hybrids. Fig. 3 illustrates the use of this technique to dem-
onstrate the marked effect ofcertain amino acid replacements
in helix 12 on this interface. All but one of the mutants form
hybrids more rapidly than wild-type trimers, indicating a
significant weakening of the interchain interactions in the
trimers. The striking exception is A298V C trimer, for which
dissociation is detected by this sensitive technique only after
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FIG. 3. Formation of interchain hybrids observed with mutant C
trimers. Exchange of c chains between nonsuccinylated mutant C
trimers and succinylated wild-type C trimers was performed as
described in the text. Plotted for each of the ATCase mutants is the
time at which hybrid formation is first detected on nondenaturing
polyacrylamide gels.
Of particular interest is Q288E C trimer, which forms
hybrids within only 1 hr. Interchain interactions in this
mutant trimer are so weak that the protein dissociates during
electrophoresis in nondenaturing polyacrylamide gels. When
either the bisubstrate ligand, N-(phosphoacetyl)-L-aspartate,
or the substrate, carbamoylphosphate, is present during
electrophoresis, dissociation is suppressed and a discrete
band corresponding to the trimer is observed. Because the
Q288E trimers cannot be detected by using polyacrylamide
gel electrophoresis, the measurements of hybrid formation
with this mutant were performed by electrophoresis on
cellulose acetate strips.
Amino Acid Replacements in Helix 12 Alter the Thermal
Stability of the C Trimers. Differential scanning microcalo-
rimetry was used to assess the thermal stability of the mutant
C trimers for comparison with the wild-type C subunit. Fig.
4a shows a representative thermogram for one of the desta-
bilized trimers along with that of wild-type C trimer. The
temperature at the maximum, tm, for the mutant is about
46°C, and tm is 61°C for the wild-type subunit. As observed
previously (32), the calorimetric enthalpy, AHcai, for wild-
type C trimer, measured from the total integrated area of the
endotherm, is not equal to the calculated van't Hoffenthalpy,
indicating that the denaturation is not a two-state process.
This broad and asymmetric endotherm represents a complex
denaturation process, which might be expected for a protein
of three extensively interlinked chains, each of which is
composed of two globular domains (32).
Calorimetric parameters for the various mutant C trimers
are summarized in Table 1. Each of the modified proteins
involving residues 288 and 291 is destabilized compared to
wild-type C trimer, as seen by the decrease in tm of 13-16°C.
Replacement of A298 by V similarly causes a marked reduc-
tion in tm, whereas the substitution of G for A298 yields a
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FIG. 4. Calorimetric scans of wild-type and an unstable mutant
ATCase. Representative plots of ACp vs. temperature are given for
wild-type ATCase (solid line) and the N291D mutant (broken line).
The thermograms for C trimers are in a, and results for holoenzymes
are in b. The differential scanning microcalorimetry curves were
normalized for baseline changes in Cp on either side of the en-
dotherms. One calorie = 4.18 J.
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Table 1. Calorimetric parameters for ATCase mutants within
helix 12
C trimer Holoenzyme
tM, AHcal, tm,* R subunit C subunit
Protein 0C kcal/mol 0C Atm,t 0C Atmt 0C
Wild-type 60.9 620 65.2 10.8
69.1 8.1
Q288E 44.2 210 50.2 -4.2 6.0
Q288A 48.2 290 58.2 3.8 10.0
N291D 46.0 270 57.2 2.8 11.2
R296A 64.0 540 58.0 3.6
65.4 1.0
A298V 49.5 320 56.5 2.1 7.0
A298G 66.2 680 64.1 9.7
68.4 2.4
*Temperatures corresponding to the peaks of the individual thermal
transitions in the deconvoluted thermograms. When two values are
given, the upper corresponds to R subunits and the lower to C
trimers.
tAtm values are in reference to 54.40C, the tm for isolated R subunit
measured under identical conditions.
stability results from replacement ofan ionizable residue with
a nonpolar amino acid in the R296A mutant.
It should be noted that alterations in thermal stability
measured by calorimetry do not always parallel changes in
interchain interactions measured by the hybridization tech-
nique. Interactions at the c-c interface are a subset of the
total which contribute to thermal stability. Thermal denatur-
ation of the C trimer involves disruption of both interchain
contacts that maintain quaternary structure and intrachain
contacts responsible for secondary and tertiary structure.
Although a mutant, such as A298V trimer, has strengthened
c-c interactions, this subset of interactions may not be
predominant among those contributing to thermal stability as
revealed by the decrease in tm. Hence several experimental
criteria are needed to provide insight into alterations in
interchain interactions as well as overall stability of oligo-
meric proteins.
Thermal Denaturation of R and C Subunits in ATCase Is
Affected by Amino Acid Substitutions in Helix 12. Earlier
calorimetric studies on wild-type ATCase (32-34) at pH 7.0
showed two independent, but overlapping, thermal transi-
tions that can be resolved into two endotherms, one corre-
sponding to the melting of the R dimers and the other to the
C trimers. As seen in Fig. 4b, similar results are obtained in
differential scanning microcalorimetry of the wild-type ho-
loenzyme at pH 9.0, with a tm of 65°C for the R subunits and
69°C for the C trimers. Analogous thermograms with two
transitions were observed for holoenzymes containing
R2%A and A298G C trimers. For both of these mutants, the
tm values of the R dimers and C trimers in the holoenzymes
were slightly higher than those of the isolated subunits. In
contrast, the mutant holoenzymes containing C trimers of
reduced stability exhibited only a single transition. One such
thermogram, for N291D ATCase, is illustrated in Fig. 4b. The
tm values for the mutant enzymes are summarized in Table 1
along with the changes in tm for the subunits (Atm).
DISCUSSION
The Carboxyl-Terminal Helix Plays a Crucial Role in the
Assembly and Stability of ATCase and C Trimers. Chain-
termination mutations causing truncation of the c chain at
residue 284, 291, or 299 result in pyrimidine auxotrophy,
indicating that at least part of helix 12 is essential for proper
folding of the c chain into a form competent for assembly of
stable C trimers and combination with R dimers to yield
ATCase. In contrast, cells containing chains terminated at
residue 306 or 307, just beyond the end of helix 12, produce
stable enzyme, and these active mutant forms of ATCase
have been purified and characterized (unpublished results).
Hence the entire polypeptide chain is not required for the in
vivo assembly of stable ATCase. Conclusions as to whether
the complete helix through residue 305 is essential will have
to await the construction of other mutants.
The role of helix 12 in determining the stability of the C
trimers is evident from the marked changes in tm for the
various mutants. Preliminary estimates of the change in
AGufolding due to the amino acid substitutions can be made by
using the Gibbs-Helmholtz equation along with the corre-
sponding values oftm and AHcw, based on the assumption that
AHcw for the mutant proteins is independent of temperature.
Such calculations indicate that AAGufolding (relative to wild-
type trimers) is about -10 kcal/mol for the Q288E, Q288A,
N291D, and A298V trimers. For the more stable R296A and
A298G trimers AAG is between 5 and 10 kcal/mol. These
estimates must be taken with caution because ofthe difficulty
in determining AIc4 for each of the mutant C trimers due to
aggregation ofthe proteins during heating and the consequent
complications in constructing baselines in the plots ofACp vs.
t in Fig. 4. Even though these calculations of AAGufidijg
must be considered as tentative, the changes in stability
indicated by the alterations in tm are unequivocal.
Our purpose here is not to dissect the contributions of
individual amino acid residues but rather to demonstrate that
helix 12 plays a crucial role in the in vivo folding of the c
chains and assembly of C trimers and ATCase. In addition,
as shown by the limited number of substitutions described in
Table 1, we demonstrate effects on stability of the C trimers
resulting from amino acid replacements in the helix.
Amino Acid Substitutions in Helix 12 Affect Both Interchain
and Intersubunit Interactions. The changes in the rate of
hybrid formation summarized in Fig. 3 demonstrate that the
various amino acid substitutions have a dramatic effect on the
strength of the c-c interactions in the C trimers. The results
showing alterations in the strength of the interchain interac-
tions are of particular interest since the residues which were
replaced within helix 12 do not make direct contacts across
the interface between chains (14). Hence the effects of these
substitutions in helix 12 must be indirect and attributable to
local structural changes which are propagated to other resi-
dues implicated in direct contacts at the c-c interface.
Whether these indirect effects are restricted to other parts of
helix 12 at the interface between c chains or to regions of the
amino-terminal domain with which residues such as R296,
A298, N291, and Q288 interact is not clear.
Not only are interaction energies between c chains affected
by amino acid substitutions in helix 12, but interactions
between C and R subunits are altered as well. This conclusion
stems from the striking changes in tm for the R subunits in the
various holoenzymes compared to the value, 54.4°C, for
isolated R subunits. As pointed out by Brandts et al. (35), a
less stable subunit in a protein can be stabilized through its
interaction with another having an intrinsically higher tm.
Depending upon the extent of the energetic coupling, the
lower-melting subunit could be stabilized considerably. On
the basis of this concept, the substantial increase in tm for R
subunits in ATCase compared to free R subunits can be used
to estimate the free energy of interaction between the R and
C subunits in the holoenzyme. This calculation requires
measuring the intrinsic temperature of denaturation of the
isolated less stable subunit, its tm in the complex, and the
enthalpy for the transition of that subunit as it is denatured as
part ofthe complex. For a rigorous thermodynamic treatment
according to Brandts et al. (35), the endotherms of holoen-
zymes must be deconvoluted to obtain the required AH
corresponding to the less stable subunit. Evaluation ofAHfor
the R subunits by deconvolution of thermograms represent-





































462 Biochemistry: Peterson and Schachman
ing this series of mutant ATCases is not possible for those
holoenzymes that exhibit single endotherms. However, from
a qualitative application of the model which considers only
the variations in tm for the R subunit in the different holoen-
zymes compared to the tm of the isolated R dimers, it is clear
from the values of Atm (Table 1) that there are large differ-
ences in the free energies of interactions between the R and
C subunits among the various mutants.
It is particularly noteworthy that the tm values for the C
subunit in the holoenzymes are frequently significantly
higher than the tm values of the corresponding free C trimers
(Table 1). In terms of the energetic coupling of the subunits
proposed by Brandts et al. (35), this observation would
indicate that there is some interaction between the denatured
R subunits formed during the heating cycle with the C trimers
which had not yet been heat denatured. This enhanced
stabilization ofthe C trimers seen in the values ofAtm in Table
1 is not observed in differential scanning microcalorimetry in
phosphate buffer, pH 7.0 (34). It is possible that the zinc-
bonding domain of the r chains, which is involved in binding
to C subunits in the holoenzyme, has a higher thermal
stability than the bulk of the r chains. If some of this domain
is still intact even though the rest of the r chain is denatured,
an enhanced stability of the C trimers might be expected.
The Carboxyl-Terminal Helix Is a Crucial Structura Ele-
ment for Folding ofc Chains. The marked tendency for amino-
and carboxyl-terminal regions of proteins to be in close
proximity in the folded three-dimensional structure was
observed by Thornton and Sibanda (36) in an analysis of the
structural and functional properties of a large sample of
globular proteins of known structure. Interestingly, terminal
regions were often involved at the interfaces between do-
mains and subunits in multidomain and oligomeric proteins.
Indeed, within the set of multidomain structures considered,
there were many cases in which one of the two terminal
regions provided a link between the domains. Although this
survey did not include ATCase, the structural organization of
the c chain certainly adheres to the general trends cited, with
helix 12 providing a stabilizing tether between the globular
domains of the protein.
The critical role of helix 12 in maintaining the structural
integrity of the enzyme is illustrated by mutations restricted
to this region which result in changes in thermal stabilities of
the C trimers and changes in interchain interactions between
individual c chains and between the C trimers and R dimers
in the holoenzyme. Localized amino acid replacements in the
carboxyl-terminal region of ATCase are thus manifested by
global alterations propagated throughout the structure.
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